ABSTRACT The cellular process of intrinsic apoptosis relies on the peroxidation of mitochondrial lipids as a critical molecular signal. Lipid peroxidation is connected to increases in mitochondrial reactive oxygen species, but there is also a required role for mitochondrial cytochrome c (cyt-c). In apoptotic mitochondria, cyt-c gains a new function as a lipid peroxidase that catalyzes the reactive oxygen species-mediated chemical modification of the mitochondrial lipid cardiolipin (CL). This peroxidase activity is caused by a conformational change in the protein, resulting from interactions between cyt-c and CL. The nature of the conformational change and how it causes this gain-of-function remain uncertain. Via a combination of functional, structural, and biophysical experiments we investigate the structure and peroxidase activity of cyt-c in its membrane-bound state. We reconstituted cyt-c with CL-containing lipid vesicles, and determined the increase in peroxidase activity resulting from membrane binding. We combined these assays of CL-induced proapoptotic activity with structural and dynamic studies of the membrane-bound protein via solid-state NMR and optical spectroscopy. Multidimensional magic angle spinning (MAS) solid-state NMR of uniformly 13 C, 15 N-labeled protein was used to detect site-specific conformational changes in oxidized and reduced horse heart cyt-c bound to CL-containing lipid bilayers. MAS NMR and Fourier transform infrared measurements show that the peripherally membrane-bound cyt-c experiences significant dynamics, but also retains most or all of its secondary structure. Moreover, in two-dimensional and three-dimensional MAS NMR spectra the CL-bound cyt-c displays a spectral resolution, and thus structural homogeneity, that is inconsistent with extensive membrane-induced unfolding. Cyt-c is found to interact primarily with the membrane interface, without significantly disrupting the lipid bilayer. Thus, membrane binding results in cyt-c gaining the increased peroxidase activity that represents its pivotal proapoptotic function, but we do not observe evidence for large-scale unfolding or penetration into the membrane core.
INTRODUCTION
Intrinsic apoptosis, one of the pathways for programmed cell death, is initiated by signaling events in mitochondria (1, 2) . The mitochondrial apoptotic pathway is implicated in various diseases and represents an important target for drug design. In neurodegenerative diseases, including Huntington's Disease, mitochondrial apoptosis leads to neuronal degradation and mitochondrially targeted antioxidant drugs have been shown to be protective (3, 4) . Conversely, the triggering of apoptosis is considered a potential anticancer treatment (1) . As a result, there is a need to understand the underlying mitochondrial signaling events. Early stages of the cell death process require functionally important changes in mitochondrial proteins, lipids, and membranes, with a particularly central role for the mitochondrial lipid cardiolipin (CL). This unique lipid is normally found in the matrix-facing inner leaflet of the inner mitochondrial membrane (IMM) (5, 6) . As a precursor to apoptosis, this tightly controlled distribution is disrupted and CL becomes increasingly exposed to the intermembrane space (IMS) and the outer mitochondrial membrane (OMM) (7) (8) (9) (10) (11) . CL is then recognized, in both locations, by different proteins that trigger lipid peroxidation, permeabilization of the OMM, and release of proapoptotic factors (12, 13) . Crucially, the arrival of CL in the OMM and the peroxidation of CL polyunsaturated fatty acid (PUFA) chains are pivotal mitochondrial signals that trigger apoptosis or mitophagy (7, 14, 15) . The proapoptotic peroxidation reaction is mediated by mitochondrial reactive oxygen species (ROS), but also requires the involvement of mitochondrial cytochrome c (cyt-c) (7, 16) . As the normal asymmetric distribution of CL in the IMM is disrupted, there is an increase in the normally very low IMS-facing CL concentration. As this occurs, cyt-c becomes able to interact in new ways with the IMM, most likely through an interaction with multiple CL lipids. A CL-cyt-c complex is then formed, which turns cyt-c into a potent lipid peroxidase with high selectivity for CL over other lipids (17) (18) (19) . Despite substantial interest and effort, it has proved challenging to gain insight into the CL-induced structural changes in cyt-c and how they trigger the lipid peroxidase activity. Of particular biological importance are the initial interactions of cyt-c with CLcontaining membrane domains under conditions where the accessibility of CL and ROS (H 2 O 2 ) represents a ratelimiting bottleneck that triggers the entire process.
Mechanistically, oxidation of the lipid acyl chains requires access of the PUFA to the catalytic reactive intermediates of cyt-c. These intermediates involve the protein's covalently attached heme as well as protein-associated radicals, recently localized to Tyr-67 (14) . These sites are buried in cyt-c's native fold, which is visualized in Fig. 1 a. Some studies have suggested that accessibility of the catalytic site upon CL binding results from cyt-c acquiring a largely unfolded or molten globule-like state within the membrane (20) (21) (22) (23) (24) (25) . In contrast, the extended lipid anchorage model (26) (27) (28) (29) proposes that cyt-c stays on the bilayer surface, but extracts one or two CL acyl chains from the membrane. Hydrophobic interactions between the extracted acyl chains and a hydrophobic cleft on the protein surface then facilitate the necessary proximity to cyt-c's catalytic site. Solution NMR and x-ray crystallographic studies have yielded highresolution structures of cyt-c mutants with enhanced peroxidase activity due to a local structural change, without a loss of native tertiary fold (30, 31) . However, these structures were obtained in the absence of lipid bilayers, and the relevance of the data to the peroxidase activity gains induced by CL-binding remains unclear.
Experimental characterization of membrane-bound cyt-c has proved challenging. Applicable techniques tend to yield relatively low-resolution structural insights and often also require the introduction of potentially disruptive fluorescent or spin labels. Solid-state NMR (ssNMR) spectroscopy permits the site-specific determination of structure and dynamics in proteins associated with lipid bilayers (32) (33) (34) (35) (36) . Labeling for ssNMR involves nondisruptive stable isotopes, which can be uniformly applied because site-specific information is accessible via multidimensional spectra (35, 37) . Here, we apply multidimensional MAS ssNMR to uniformly U- 13 C, 15 N-labeled cyt-c in its membrane-bound and peroxidase-active form. Prior ssNMR studies have provided important insights into the effect of bound, unlabeled cyt-c on the membrane, revealing for instance a propensity to disrupt the lipid bilayer structure (20, 21, 32, (38) (39) (40) (41) (42) (43) . Previously, ssNMR on cyt-c itself was limited due to challenges with the isotopic labeling, with prior reports relying on methionine 13 C ε labeling or 2 H back exchange (20, 40) . These studies revealed dynamics and disorder in the membrane-bound protein. Using peroxidase assays, Fouriertransform infrared (FTIR) spectroscopy, and advanced MAS NMR we probe the CL-induced peroxidase activation, and the structural features of both the membrane and the membrane-bound protein. Cyt-c is found to bind tightly to the CL-containing unilamellar vesicles, which causes the expected increase in peroxidase function. Static and MAS NMR spectra show no evidence of lipid bilayer disruption and indicate that the protein is present at the membrane interface. The membrane-bound cyt-c experiences substantial dynamics, but in room temperature FTIR studies as well as low-temperature two-dimensional (2D) and three-dimensional (3D) MAS ssNMR experiments we find that the secondary structure and much of the tertiary fold are retained.
MATERIALS AND METHODS
Expression and purification of 13 C, 15 Ncytochrome c Uniform 13 C, 15 N labeling of horse heart cyt-c was performed by overexpression in Escherichia coli. In line with previous reports, an expression-optimized mutant (H26N; H33N) was employed that eliminates kinetic folding traps, but is structurally similar to the wild-type protein (14, 45, 46) . A pETDuet plasmid (EMD Millipore, Billerica, MA) was used to coexpress cyt-c and the heme lyase required for covalent attachment of the heme (45, 47) . The respective cDNAs were cloned in the NcoI/EcoRI and NdeI/ XhoI sites of the vector. For U- C, cells were recovered by centrifugation, resuspended in 25 mM sodium phosphate buffer (pH 6.5) with 0.02% sodium azide, and lysed. Cell debris was removed centrifugally, yielding a pink-colored supernatant. Purification of the labeled protein used a cation exchange HiTrap SP HP column, using a 25 mM sodium phosphate running buffer (pH 6.5) with 10% (v/v) glycerol Biophysical Journal 109(9) 1873-1884 and 0.02% sodium azide, and a 0-1 M NaCl salt gradient. The eluate was further purified on a gel filtration Superdex 75 26/60 column, using 25 mM sodium phosphate buffer at pH 6.5, with 150 mM NaCl, 5% glycerol and 0.02% sodium azide. Fully oxidized protein was obtained by treatment with a fivefold molar excess of potassium hexacyanoferrate (III), which was removed by extensive dialysis. Buffer exchanges to the experimental buffer (freshly degassed 20 mM HEPES buffer at pH 7.4) were performed via dialysis or use of 10 kDa Amicon Ultra-15 centrifugal filters. Typically, the yield of U- 13 C, 15 N-labeled cyt-c was 2.4 mg/L of cell culture.
Preparation of samples for ssNMR
Di-oleoylphosphatidylcholine (DOPC) and tetra-oleoyl-cardiolipin (TOCL) were obtained from Avanti Polar Lipids (Alabaster, AL). The lipids (in chloroform) were mixed in a 4:1 molar ratio, after which the solvent was removed under N 2 flow and by drying under vacuum overnight. Next, 1 ml of freshly degassed 20 mM HEPES buffer (pH 7.4) was added, followed by gentle vortexing for 20-30 min. After freeze-thawing of the lipid mixture 10 times, 11 extrusion steps were performed using a mini-extruder (Avanti Polar Lipids) outfitted with 100 or 200 nm polycarbonate membranes, to yield large unilamellar vesicles (LUVs). Vesicle sizes were evaluated using dynamic light scattering (DLS), performed at room temperature on a DynaPro Plate Reader (Wyatt Technology, Santa Barbara, CA). The DLS data were analyzed using Wyatt's DYNAMICS software (version 7) and plotted with Prism 6 (GraphPad, La Jolla, CA) and Microsoft Excel. When applicable, stock solution of cyt-c (in 20 mM HEPES pH 7.4) was added to a 1:40 protein/lipid molar ratio (P/L ratio), followed by gentle vortexing and incubation at 4 C. For MAS ssNMR, an ultracentrifugal sample packing device was used to pellet the LUVs or protein-lipid complexes into 3.2-and 4-mm MAS rotors. Centrifugation was either 3 h at~143,000 Â g and 4.5 h at~175,000 Â g, or~143,000 Â g for 5 h, in a Beckman Coulter Optima L-100 XP ultracentrifuge with a SW-32 Ti rotor. The packing devices were designed and built in-house, and resemble sedimentation devices (48) . The supernatant was removed and ultraviolet-visible light (UV-VIS) measurements on the supernatant were used to determine the amount of cyt-c bound to the pelleted, red-colored LUVs. MAS rotors were from Bruker Biospin (Billerica, MA) and CortecNet (Mill Valley, CA).
ssNMR spectroscopy
All ssNMR spectra were acquired on a wide-bore 600 MHz (14.1 T) spectrometer (Bruker Biospin, Billerica, MA), using 3.2 mm MAS probes with a HCN EFree coil or HFCN-tuned solenoid coil, unless otherwise noted. One-dimensional (1D) 13 C spectra were obtained at 8.333 kHz MAS, using either ramped 1 1 H decoupling. The sample temperature was regulated at the indicated temperatures with cold cooling gas. The temperatures indicated throughout this article reflect internal sample temperatures that were calibrated using both external reference samples and internal referencing, following previously described protocols (53) (54) (55) . Spectra were processed using Bruker Topspin and NMRPipe software (56) . Except where specified otherwise (see Figs. 2 and 4) , processing involved apodization with a cosine-bell function, and zero-filling of the direct and indirect dimensions with once or twice the original data size, phase correction, and Fourier transformation. Spectral analysis, plotting, and assignments were done using the CcpNmr Analysis program developed by the Collaborative Computation Project for the NMR community (CCPN) (57, 58) . 31 P NMR spectra were analyzed using the line shape fitting routines of Topspin. The resulting chemical shift anisotropy (CSA) parameters are reported as CSA span values (U, as defined in (59)), which are here equivalent to the shielding anisotropy Dd. Lipid peaks were assigned based on reference samples and previous reports (33, 42, 60) . 31 P isotropic chemical shifts were referenced to phosphoric acid based on MAS NMR on hydroxylapatite (from Acros Chemicals, Geel, Belgium) (61).
1 H, 13 C, and 15 N chemical shifts were referenced to dilute aqueous 2,2-dimethylsilapentane-5-sulfonic acid and liquid ammonia, via external indirect referencing of adamantane 13 C chemical shifts (59, 62) . Synthetic spectra were generated using utilities from the NMRPipe toolkit, and chemical shifts were predicted from a published crystal structure (44) using the SPARTAþ program (63) .
Optical spectroscopy
Quantitative analysis of the cyt-c oxidation state was performed based on the UV-VIS absorbance profiles for reduced and oxidized protein, measured at room temperature (64) . The absorbance at 434 nm was employed to determine the protein concentration. Corrections were applied for baseline shifts due to any turbidity in lipid-containing samples, where needed. FTIR spectroscopy was performed at room temperature for both soluble cyt-c and for cyt-c bound to 1:4 (molar) TOCL/DOPC, using an MB series spectrophotometer (ABB Bomem, Quebec City, QC). The buffer signal was subtracted from each of the FTIR spectra using PROTA software (Biotools, Jupiter, FL). Peak deconvolution was then applied to the amide I region after using the Savitzky-Golay algorithm to apply a 2.9% smoothing and baseline correction. Second derivative analysis was used to determine peak positions, and peak fitting was performed using Gaussian line shapes in the PeakFit v4.12 program (Systat Software, San Jose, CA).
Activity measurements
Peroxidase activity measurements were performed based on previous reports (14, 15) . Fluorescence measurements were performed at room temperature, using a Horiba Scientific Fluoromax-4 spectrofluorometer (Edison, NJ). Samples were prepared analogous to the NMR samples. LUVs were prepared by extrusion in 20 mM HEPES pH 7.4 buffer, which here included 100 mM of the chelating agent diethylene triamine pentaacetic acid. Stock solution of unlabeled cyt-c was added, followed by the substrate amplex red (AR) (ThermoFisher Scientific, Waltham, MA), to a 50 mM final AR concentration and a final protein to AR ratio of 1/100. A 5-min baseline was measured, after which H 2 O 2 was added at 50 mM final concentration. Peroxidase activity was monitored based on the time-dependent increase in fluorescence from the oxidation product resorufin (65) . Relative activity rates were determined by linear fitting.
RESULTS
Peroxidase activity of LUV-bound 13 C, 15 N-labeled cyt-c Unilamellar vesicles were prepared from a mixture of TOCL and DOPC, to assure optimal access of the protein to the lipids. DLS measurements showed that the obtained vesicles were homogeneous in terms of their diameter (Fig. S1 ). The desired amount of protein stock solution was added to the LUVs at room temperature, resulting in CL-dependent binding. Membrane-binding was observed by pelleting the cyt-c/LUV samples by centrifugation, followed by UV-VIS measurements of the supernatant to measure residual unbound cyt-c, and further confirmed by monitoring the color of the pelleted LUVs. In the activity assays and all other experiments, the same variant of horse heart cyt-c was expressed in-house as described in the Materials and Methods section, and added to the vesicles at a 1:40 protein/lipid (P/L) molar ratio. This ratio is designed to mimic conditions during the early stages of the proapoptotic process. As discussed in the Introduction section, the CL asymmetry across the IMM becomes disrupted, which allows for the formation of CL-rich domains in the IMS-facing leaflet of the IMM. Our in vitro experiments are designed to probe the cyt-c peroxidase activity and molecular features of protein and lipid bilayer under these kinds of conditions. We measured the peroxidase activity of the LUV-bound cyt-c in fluorescence-based assays, performed at room temperature in the presence and absence of LUVs. Fig. 1 b shows the time-dependent generation of fluorescent product, and Fig. 1 c the corresponding activity rates for the different samples. Binding to CL-containing LUVs causes a significant increase in peroxidase activity, relative to the nascent activity of the protein, in line with previous reports (14, 15) .
Lipid-bilayer-bound cyt-c experiences significant dynamics
Using the same protocols, uniformly 13 C and 15 N-labeled (U- 13 C, 15 N) cyt-c was bound to 4:1 (molar) DOPC/TOCL LUVs, and the membrane-bound cyt-c was pelleted into ceramic MAS sample holders using home-built ultracentrifugal sample packing tools. This packing method ensured the fast, straightforward, and highly reproducible preparation of LUV-based MAS NMR samples without risk of sample dehydration during transfer of membrane pellets. Analysis of the supernatant by UV-VIS showed that typically~75% of the U- 13 C, 15 N cyt-c was pelleted, in LUV-bound form, into the MAS rotor. Fig. 2 a shows 1D 13 C MAS NMR spectra acquired on such a sample featuring oxidized U- 13 C, 15 N-labeled cyt-c, using either direct 13 C excitation (red) or 1 H-13 C CP (blue). The CP spectrum shows fewer peaks and much lower intensity peaks compared to the direct excitation data. The strongest 13 C signals in the CP spectrum are lipid signals rather than those of the labeled protein. Similar results were obtained with the reduced form of the protein (Fig. 2 b) , providing no direct evidence of excessive paramagnetic broadening or relaxation due to the heme. The spectra in Fig. 2, a and b) , were obtained at 271 K internal sample temperature. Little change is seen at higher temperatures (up to room temperature), or down to 257 K (see Fig. 2 , c, f, and i). Note that the water present in the typical densely packed, mm-sized MAS NMR samples have a much suppressed freezing temperature (55) , causing the water to remain liquid down to À15 to À20 C. The (lack of) freezing
Biophysical Journal 109 (9) 1873-1884 of the water is conveniently probed by observation of the water 1 H signals. The liquid water has a narrow and intense signal (e.g., Fig. 2 i) , which is greatly reduced and broadened upon freezing (e.g., Fig. 2 j) . Similarly, these 1 H spectra will also reveal changes in the fluidity of lipid acyl chains (see below).
The initially low intensity in the CP spectra is due to the dynamics experienced by the protein and lipids. These protein and lipid dynamics occur on distinct timescales, as becomes more evident in other types of NMR spectra. In a 1 H-13 C INEPT spectrum (Fig. 2 f) we see again primarily lipid peaks (see also Fig. S2 ) and virtually no protein signals. The INEPT experiment is very sensitive to T 2 relaxation, and suffers large intensity losses for all but the most mobile atomic sites. The lipid molecules have long T 2 values as they undergo rapid diffusion and dynamics within the fluid bilayer. Cyt-c must be experiencing motion on a slower timescale than the surrounding lipids, leading to shorter T 2 relaxation times (66) and a lack of INEPT signal. Thus, the protein is dynamic but its motion is constrained while it is associated with the membrane. The lack of cyt-c INEPT peaks and the distinct dynamics of the protein and lipids have another important implication. Any unfolded cyt-c segments would be expected to be highly flexible, such that they match the dynamic features of surrounding solvent or lipid molecules (66) . Thus, the lack of INEPT peaks appears inconsistent with a large-scale unfolding of the membrane-bound protein. Fig. 2 d shows that cooling of the sample results in a dramatic increase of the protein's CP signal. At the same time, the lipid acyl chains still retain their mobility, as evidenced from their intense INEPT (Fig. 2 g) and 1 H signals (Fig. 2 j) . Immobilization of the protein is therefore coupled to the rigidification of the lipid headgroups (Fig. 2 g) and freezing of the solvent (Fig. 2 j) , rather than the immobilization of the lipid acyl chains. The latter occurs at lower temperatures, when we observe a subsequent loss of the lipid acyl signals in the INEPT and 1 H spectra (Fig. 2, h and k) . This acyl chain rigidification does not translate into a significant increase in the protein's CP signal (Fig. 2 e) , further indicating cyt-c's dynamics being coupled to the lipid headgroups rather than the hydrophobic membrane core. This strongly suggests the protein to be located outside the hydrophobic membrane core, in a peripherally bound state, and mirrors prior ssNMR studies of a different peripheral membrane protein (67) .
Bound cyt-c retains a well-defined conformation
The enhanced CP efficiency at reduced temperatures enabled multidimensional MAS ssNMR studies of the labeled protein. This will allow site-specific insight into the structure of the immobilized protein, although it also implies the loss of direct insight into the dynamics that the protein experiences at the higher temperatures employed in the activity assays. Fig. 3 a shows a 2D 13 C-13 C MAS NMR spectrum that was obtained on the LUV-bound reduced U- 13 C, 15 N cyt-c. It features many protein-derived crosspeaks that can only be from the fully 13 C-labeled protein. These peaks are sufficiently narrow to resolve many individual atomic sites in distinct residues, which then allows for site-specific insight into protein structure. Residues throughout a protein tend to have distinct NMR signals (high dispersion) in folded proteins, or quite similar NMR signals (low dispersion) in the absence of a well-defined fold. The observed resolution and dispersion of the membrane-bound cyt-c are not consistent with a disordered unfolded state, and show that the protein retains a high degree of structural order. The evidence supporting this conclusion will be examined in more detail below. Previous reports indicated differences in conformation, dynamics, and membrane-binding characteristics of cyt-c as a function of its oxidation state (39, 43, (68) (69) (70) . We examined whether this translates into a detectable change in conformation of the LUV-bound protein. The reduced sample (Fig. 3, a  and b) , was recovered, treated with ferricyanide for in situ oxidation (71) , and then repacked into its sample holder. The change in redox state was monitored by UV absorbance (Fig. S3) (64) . The complete 2D 13 C-13 C spectra of the reduced and oxidized samples are shown in Fig. S4 , and enlarged regions are shown in Fig. 3, b and c. Separately, another sample of U- 13 C, 15 N-cyt-c was oxidized before LUV binding and packed for MAS NMR. In both cases, 2D 13 C-13 C MAS ssNMR spectra resemble those of the reduced protein, in terms of resonance frequencies, line widths, and peak counts (Figs. 3 and 4 a) . A few specific differences are visible in the spectral regions in Fig. 3 , b and c, which will be examined in more detail in the Discussion section.
On the conformation of the membrane-bound oxidized cyt-c
These multidimensional MAS NMR spectra on the oxidized sample obtained at low temperatures provide, to our knowledge, new insight into the conformation of the membrane-bound cyt-c. First, we examine the easily identifiable crosspeaks from cyt-c's Ala residues, which are distributed throughout the protein (Fig. 1 ) and thus should reveal both global and local structural changes. In the 2D spectrum four distinct Ala C a -C b crosspeaks are seen with varying peak intensities (boxed in Fig. 4 a and enlarged in Fig. 4 b) . As cyt-c has six Ala residues (see Fig. 1 a) , this could indicate missing peaks due to unfolding-induced disorder or dynamics, peak overlap, or a combination thereof. To evaluate this, we also obtained a 3D NCACX spectrum on the sample, which offers the 15 N resolution needed to reveal the existence of as many as seven Ala 15 N/ 13 C a / 13 C b peaks (Fig. 4 d) . The C a and C b chemical shifts depend on the presence or absence of secondary structure, with opposite effects of a-helical or b-sheet structure. This is reflected clearly in the secondary shift Dd Ca-Cb (the difference between C a and C b shifts minus the corresponding random coil value), which is zero for random coil conformations and deviates in positive or negative directions, depending on the type of secondary structure (see Fig. 4 e) (72) . The secondary shifts of the Ala seen in the 3D spectrum are plotted in Fig. 4 e, and indicate that most are a-helical in structure (red bars), rather than random coil. Similar analyses applied to other residue types also show that there are many peaks that are inconsistent with random coil structure. However, broad lines and extensive peak overlap in the 105-residue protein (with e.g., 10 Thr) limit this analysis for other residue types. A different kind of analysis proved more fruitful, as will be discussed next.
We used the NMR chemical shifts obtained in these low-temperature ssNMR experiments to compare the membrane-bound structure to that of the unbound protein. NMR shifts are highly sensitive to a protein's conformation, and both the structure and the NMR signals of the soluble protein are known (46) . Based on these solution NMR shifts, we created synthetic 13 C-13 C spectra as shown in Fig. S5 , with the Ala peaks reproduced in Fig. 4 c. Fig. 4 , b and c, illustrates the remarkable similarity that characterizes most of the spectrum (Fig. S5) . Clearly, the Ala peak pattern is perfectly reproduced, and even the individual 13 C shifts show only minor differences. Based on this close correspondence, we were even able to make the Ala assignments indicated in Fig. 4, d and e. More generally, there is a good correspondence between the peak patterns of various easily identifiable residue types (Fig S5, g-i) . That said, it does appear that a number of peaks are moved, missing, or attenuated. Although other Ile peaks are easily identified (Fig. 3) , Ile-81 is for instance missing or showing up at a different chemical shift. This Ile is part of a proposed membrane-binding site (more below) and stands apart in the solution data by its particularly high-field 13 C d shift, which is not seen in our ssNMR data. Based on observed variations in the peak intensities, it is also ) deviate from random coil values (at zero) and indicate mostly a-helical structure for the Ala, in line with the native structure (Fig. 1 a) . likely that a subset of peaks is affected by line broadening due to structural heterogeneity or residual dynamics, causing them to be hard to resolve or detect. Nonetheless, Fig. S5 shows that the degree of correspondence between the ssNMR and solution NMR signals is remarkable. This implies a strong preservation of the native conformation and is not consistent with the membrane-bound protein experiencing a large degree of unfolding or denaturation (20) (21) (22) (23) (24) (25) . A more detailed analysis of the protein's structure will require de novo ssNMR assignments and further structural measurements.
Comparison of

FTIR corroborates the preservation of secondary structure
We also performed FTIR on membrane-bound and free cyt-c at room temperature, using analogous samples as used for ssNMR. The employed cyt-c was not isotopically labeled, but was otherwise obtained using the same construct and expression protocols as used for the NMR samples. We obtained analogous data for the wild-type protein, similar to prior studies (25, 73) . Fig. 5 shows the experimental FTIR data, along with a deconvolution of the amide I region. The indicated C¼O signals in the membrane-bound spectrum are dominated by the lipids (74) . These room-temperature FTIR results corroborate the preservation of secondary structure in the membrane-bound peroxidase-active protein, consistent with various prior studies (e.g. (22,23,73) ).
The cyt-c-bound vesicles retain a lipid bilayer conformation
Several studies have emphasized the ability of cyt-c to cause nonbilayer formation in CL-rich membranes, with potential implications for membrane disruption and OMM permeation in mitochondrial apoptosis (75, 76) . Static 31 P ssNMR (without MAS) is an excellent tool to detect such bilayer disruption, because bilayer and nonbilayer lipid phases have distinct line shapes (36, 77) . Briefly, lipid mobility in liquid crystalline bilayers results in uniaxial motional averaging of the phosphate's 31 P CSA. This results in characteristic spectra featuring a low-field, low-intensity shoulder and a high-field intense maximum, with an averaged CSA span of 30-40 ppm. Nonbilayer phases feature additional modes of motional averaging, resulting in much narrower line shapes. Cubic phases and (inverted) micellar structures allow for isotropic averaging, resulting in narrow isotropic peaks. Tubular inverted hexagonal (H II ) phases have a narrowed, but still anisotropic line shape with a low-field maximum and a high-field shoulder (i.e., the opposite of bilayers). Fig. 6 shows the 1D 31 P ssNMR spectrum for the sample studied by MAS NMR in Fig. 4 . The spectrum features the characteristic line shape of lipids in a liquid crystalline bilayer. The 31 P line shapes do display the typical features of slightly elongated, not-quite-spherical vesicles in high magnetic fields, as observed previously by us and others (33, (78) (79) (80) . This manifests itself as a slight reduction in the low-intensity shoulder (lipids aligned with the field) and an increase in the high-intensity maximum that reflects the lipids oriented perpendicular to the field. The individual components of the CL and DOPC headgroups are visible, allowing extraction of their 31 P CSA span values (59) , which are found to be 31 and 40 ppm, for TOCL and DOPC, respectively, consistent with prior work (42) . However, we observe no detectable nonbilayer phase signals. Thus, our FTIR and MAS ssNMR data reflect cyt-c as it interacts with the lipids in a bilayer state. This contrasts with prior Biophysical Journal 109(9) 1873-1884 31 P NMR studies that showed nonbilayer phases, seemingly due to the presence of higher amounts of cyt-c than employed here (21, 38, 40, 81) .
DISCUSSION
Disorder and dynamics of the membrane-bound cyt-c FTIR, static ssNMR, and MAS NMR were used to probe cyt-c that is bound to LUVs featuring the mitochondrial lipid CL, which is the condition where it displays its proapoptotic peroxidase activity. Previous ssNMR studies suggested the bound protein to be dynamic and largely unfolded, but provided only partial insights due to the limited degree of isotopic labeling (20, 21, 40) . We applied MAS ssNMR to U- 13 C, 15 N-labeled, membrane-bound cyt-c, representing one of the first MAS NMR studies of a fully labeled peripheral membrane protein (67) . In line with the known affinity for CL (42, 82) , cyt-c was found to associate tightly with CL-containing LUVs, causing the protein to gain significantly increased peroxidase activity (Fig. 1, b and c) . The ssNMR spectra revealed extensive dynamics of the bound protein (Fig. 2) . These dynamics occur on a ms timescale, explaining the initially low efficiency of both CP-and INEPT-based experiments. Increased dynamics were also noted in previous ssNMR on 13 C ε -Met-labeled cyt-c (40) , and explained as a full or partial unfolding induced by binding to CL-containing membranes. Pronounced protein dynamics have also been reported by studies that employ other spectroscopic methods (22, 23, 73, 83) . Disordered or unstructured proteins or protein segments normally feature dynamics and relaxation behavior that match those of surrounding lipids (66, 84) . However, we found that cyt-c exhibits dynamics that are significantly different from those of the lipids, as evidenced by the lack of protein peaks in the INEPT spectra (Fig. 2, f-h ). This complete lack of INEPT signals is inconsistent with an extensively unfolded CL-bound cyt-c, and provides one piece of evidence that the protein dynamics are not necessarily representative of an unfolded state within the membrane. A similar behavior was noted in ssNMR studies of another folded but dynamic peripheral membrane protein (67) .
Conformation of the membrane-bound protein
Our low-temperature-enabled 2D and 3D ssNMR spectra, as well as room-temperature FTIR, show that the membranebound cyt-c retains its secondary structure. In the NMR data, there is little evidence of global structural or dynamic disorder, which would have induced much more substantial line broadening and reduced spectral dispersion (84) . The reproducible observation of these spectral features across multiple samples (in both redox states) shows that membrane-induced unfolding is not occurring under the sample conditions studied here. We do note that much of the ssNMR was performed at low temperature (unlike the activity measurements). Thus, it is possible that functionally relevant intramolecular dynamics are not represented in those spectra. The observed NMR peak positions are highly sensitive indicators of (changes in) the protein structure, because NMR resonance frequencies are directly correlated to the local protein structure. Comparisons between solution and solid-state shifts can be used to detect structural changes upon protein misfolding, aggregation, or membrane binding (85) . The experimental ssNMR spectra closely match the peak patterns predicted from the known solution NMR structure (Fig. S5) . This observation is not only inconsistent with the protein being unfolded within the membrane, but also indicates that the retained conformation is rather similar to that of the unbound, soluble state. We examined in particular detail the Ala residues that are distributed throughout the protein (Fig. 4) . As illustrated in Fig. 1 a, cyt-c's Ala are found at the end of N-helix (A15), in the partly a-helical loop before the 60's helix (A43; A51), within the 71-85 U loop (A83), and within the C-helix (A96, A101) (86) . Changes in their NMR signals should accompany any significant changes in structure throughout the molecule. Our 2D and 3D data (Fig. 4) revealed as many as seven Ala signals, with secondary ( 13 C a -13 C b ) chemical shifts (72) that differ from random coil values (Fig. 4 e) and are mostly a-helical as expected for the native protein (Fig. 1 a) . The Ala 15 N, 13 C a , and 13 C b shifts are also strikingly similar to previously published solution NMR data for native cyt-c (46). There is some variation in peak intensities, which may be due to some variation in residue-specific dynamics along the length of the protein. Nonetheless, these data require that cyt-c retains a relatively well-ordered conformation.
Several key ssNMR spectra (Figs. 3 and 4) were obtained at low temperature, unlike the activity measurements. Suppression of the proteins' dynamics was critical to obtain high quality multidimensional ssNMR spectra, as often seen in membrane protein ssNMR. Low-temperature measurements are commonly applied to enable structural studies, whether in x-ray crystallography, ssNMR, or other techniques. Naturally, this does modulate and abolish certain dynamical modes present at elevated temperatures. Indeed, the NMR data in Fig. 2 show clearly the presence of extensive dynamics, which may include some degree of intramolecular motion that could be functionally important. It seems however unlikely that the protein would be largely unfolded or denatured (20) (21) (22) (23) (24) (25) . In prior ssNMR studies of highly disordered or unfolded membrane-bound proteins or peptides, the membrane-embedded polypeptides maintained a similar (lack of) structure and similar peak positions upon freezing of the membrane (84, 87) . For cyt-c, prior FTIR and binding studies provide no evidence of a dramatic change in structure or membrane-binding between liquid Biophysical Journal 109(9) 1873-1884 crystalline and gel phase lipids (26, 73) . As discussed previously, much (though maybe not all) of the dynamics experienced by cyt-c are likely due to its peripheral association with the dynamic membrane (67) .
Location of membrane-bound cyt-c
The MAS NMR data in Fig. 2 examined the dynamical properties of the solvent, the lipid headgroups, lipid acyl chains, and the membrane-bound protein. It was found that changes in the protein's motion did not correlate to the changes in the hydrophobic acyl chains. Instead, it accompanied the immobilization of lipid headgroups, and freezing of the solvent motion. These observations are most consistent with a shallow, peripheral interaction with the membrane. We note that the high degree of similarity of chemical shifts and tertiary structure to those of soluble cyt-c would also be hard to reconcile with the protein being embedded within the highly hydrophobic membrane core, and be more consistent with a relatively hydrophilic environment. Specific chemical shift differences observed for Met-80 and Ile-81 lend some support to prior suggestions of their involvement in the membrane facing side of the protein (88) . Prior studies have also shown Met-80 to be dislodged upon membrane binding (7, 40, 82, 83, 88) . Moreover, the binding of cyt-c to the negatively charged membranes is greatly reduced upon increasing salt concentrations (data not shown and reference (89)), which is a characteristic feature of an electrostatically driven peripheral interaction, rather than a hydrophobic interaction with the membrane core. Thus, our data indicate that in our samples cyt-c retains a native-like fold and interacts with the CLcontaining membrane via a peripheral interaction with the lipid headgroups. Prior studies showed significant membrane disruption in the presence of cyt-c (21, 38, 40, 81) . 31 P ssNMR showed that, under the experimental conditions employed here, the lipid bilayer remains intact (Fig. 6) . The previously mentioned membrane disruption was seen under different experimental conditions and most importantly with significantly higher P/L ratios. It is possible that the protein's membrane impact would differ qualitatively under such conditions, because electron spin resonance, Raman, and other methods have shown membrane-bound cyt-c to undergo further structural changes at higher P/L ratios (beyond P/L~1/20) (88, 90) .
Implications for cyt-c's role as a peroxidase in apoptosis and mitophagy
The interest in cyt-c's interactions with CL, and the lipid peroxidase activity that results, relates to the requirement for this cyt-c activity in mitochondrial apoptosis and mitophagy. It has long been argued that some kind of conformational change must underlie the formation of such a peroxidaseactive cyt-c/CL complex. We observed the peroxidase activity for the membrane-bound protein and showed cyt-c to be highly dynamic. Our spectroscopic studies of the bound protein suggest that (at least under the employed experimental conditions) this motion is not due to a complete unfolding of the protein. Our data also indicate that cyt-c interacts primarily with the membrane interface without extensively perturbing the lipid bilayer or penetrating deeply into the hydrophobic membrane core. It is important to point out that the interaction of cyt-c with membranes is well known to depend on the experimental conditions. Although our measurements were performed at neutral pH, it has been shown that more acidic conditions enable a different binding mode (89) . This could in part explain some of the differences in prior ssNMR studies that were performed at pH 6-6.3 (20, 40) . As discussed previously, the binding affinity and binding mode are also expected to be sensitive to the P/L ratio, salt concentration, lipid composition, and other experimental conditions (88, 90, 91) .
Our observations fit well with the generally accepted idea that electrostatically driven interactions between cyt-c and the negatively charged CL headgroups drive the initial protein-membrane interactions (26, 92, 93) . The surface-bound cyt-c would bind specifically and tightly to multiple charged CL headgroups, while locally enriching the membrane in CL lipids. Our data suggest however that this initial interaction is not necessarily followed by a large-scale loss of structure within the membrane core. Such unfolding would facilitate interactions between the heme and the lipid acyl chains and thus rationalize the lipid peroxidation activity. However, one might expect penetration of the largely unfolded protein to at least partly decouple the disordered polypeptide chain (and heme) from the CL that facilitated the initial binding event. Accordingly, the freed heme could interact more easily with the diversity of acyl chains present within the membrane, predicting a somewhat indiscriminate peroxidation activity. However, as noted above and previously (17) (18) (19) , the in vivo peroxidase activity displays remarkable selectivity, with specific types of lipids (in particular CL) and acyl chains being the preferred substrates for cyt-c's peroxidase activity. Based on our data, we propose that this may be explained by a formation of a more compact, folded CL-cyt-c complex in which the protein retains a native-like fold and the heme remains largely sequestered within the protein. This would preserve a specific interaction with a cluster of CL lipids, thus enhancing access to CL and limiting access to other lipids. Second, the more limited access of the active site in this peripherallybound state, would also place structural and dynamic constraints on the acyl chains, as is discussed next.
At first glance, one may wonder how an interfacial interaction would allow cyt-c to catalyze the efficient peroxidation of the acyl chain double bonds of CL, deep within the membrane core. The extended lipid anchoring model may suggest that a close interaction between the heme and an acyl chain necessitates the extraction of CL acyl chains Biophysical Journal 109(9) 1873-1884 from the bilayer (28, 29) . We propose an alternative model in which dynamics of the lipid bilayer and dynamics experienced by the protein, possibly combined with dynamics within the protein, are responsible for transient interactions with the active site of bound cyt-c. This could occur without a permanent loss of the native fold, without deep penetration into the lipid bilayer core, or lipid acyl chain extraction. The peroxidase activity in vivo mostly targets CL that feature specific PUFA-based acyl chains, over other lipid types (19) . A noteworthy feature of such PUFA chains is that they feature pronounced flexibility along the membrane normal, placing acyl chain segments closer to the bilayer surface than one may expect (94, 95) . Simulation studies on linoleoyl acyl chains, which are preferentially oxidized by cyt-c (19) , have noted the reduced density and high disorder of these acyl chains, in particular near the headgroups (96) . This is dramatically different from what happens in saturated lipids. Thus, even in a superficial binding mode, the dynamic nature of both the PUFA-containing membranes and the membrane-associated protein may enable the necessary proximity between the protein's active site and the PUFA double bonds. A relatively subtle or localized structural or dynamical change in the cyt-c would then be sufficient to allow lipid peroxidation to occur. Recent x-ray crystallographic studies show how cyt-c mutants can gain a much enhanced peroxidase activity (in absence of lipids) through such localized structural changes (30, 31) .
CONCLUSIONS
We have used an array of experiments to probe the structure and function of the membrane-bound state of cyt-c. We found a CL-induced gain in peroxidase activity, but did not find evidence for a significant loss of the native structure, in contrast to various prior reports. Rather, our results suggest that a more modest change in the protein's structure may be sufficient to cause peroxidase activation. Of course, it is possible that more extensive unfolding occurs under other conditions, e.g., in terms of the P/L ratio and/or lipid composition. The conditions employed here reflect limiting CL and ROS concentrations, as thought to be present early in the apoptotic process. Insights into the membrane-bound protein, and its effect on the lipid bilayer, were made possible by our use of complementary ssNMR measurements. We expect that these (and other) ssNMR methods will continue to be essential and powerful tools for ongoing and future efforts to elucidate the membrane interactions of cyt-c as well as other peripherally binding membrane proteins. Fig.  3(b,c) . For experimental details please refer to Fig. 3 and Table S1 . (4)). Utilities in the NMRPipe software suite were used to simulate diagonal 13 C-13 C peak patterns along with either (b) C α -C β /C β -C α cross peaks, or (e) C'-C α cross peaks. The well-separated Thr, Gly, and Ala peak groups are indicated. (c,f) Synthetic spectrum created from estimated chemical shifts predicted by the SPARTA+ program (5) based on the known X-ray structure of oxidized cyt-c (PDB entry 1HRC; ref. (6)). The dashed boxes in (a,d) mark peaks that were not included in the simulations used to create the synthetic spectra. (g-i) Enlarged sections from (b/e) and (a/d) panels, highlighting Gly, Ala, and Thr resonances.
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